Intraspecific sequence variation in the D-loop region of mtDNA in white sturgeon (Acipenser transmontanus) , a relict North American fish species, was examined in 27 individuals from populations of the Columbia and Fraser rivers. Thirty-three varied nucleotide positions were present in a 462-nucleotide D-loop sequence, amplified using the polymerase chain reaction. Bootstrapped neighbor-joining and maximum-parsimony trees of sequences from 19 haplotypes suggest that the two populations have recently diverged. This is consistent with the hypothesis that the Columbia River, a Pleistocene refugium habitat, was the source of founders for the Fraser River after the last glacial recession. On the basis of a divergence time of lo-12 thousand years ago, the estimated substitution rate of the white sturgeon Dloop region is 1 . 1 -1.3 X 10 -' nucleotides/site/ year, which is comparable to rates for hypervariable sequences in the human D-loop region. Furthermore, the ratio of mean percent nucleotide differences in the D-loop (2.27%) to that in whole mtDNA (0.54%, as estimated from restriction-enzyme data) is 4.3, which is similar to the fourfold-to-fivefold-higher substitution rate estimated for the human D-loop. The high nucleotide substitution rate of the hypervariable region indicates that the vertebrate D-loop has potential as a genetic marker in molecular population studies.
Introduction
The origin of heavy-strand replication, called the "control region" or "D-loop region," is the most variable portion of the mtDNA molecule and is thus well suited for detection of intraspecific nucleotide differences (Upholt and Dawid 1977; Wilson et al. 1985 ) . The vertebrate control region does not code for proteins and has only a few short sequence blocks conserved among taxa (Clayton 1982; Saccone et al. 1987) . Nucleotide substitutions and length mutations occur commonly in the control region (reviewed in Harrison 1989 ) .
In humans, the nucleotide substitution rate of the control region is three to five times higher than that estimated for the entire mtDNA molecule by restriction-enzyme analysis ( Aquadro and Greenberg 1983; Vigilant et al. 1989, 199 1; Horai and Hayasaka 1990) . Partial control-region sequences have been used also in phylogenetic studies mtDNA Control Region Evolution 327 of kangaroo rat (Dipodomys panamintinus) populations ) and cichlid fish species (Meyer et al. 1990 ). However, there are few data to indicate whether patterns of intraspecific variation in the human mtDNA control region can be generalized to other vertebrates.
Sturgeon belong to a relict group (Infraclass Chondrostrei ) that probably diverged from the teleosts or bony fishes nearly 200 Mya (Patterson 1982; Gardiner 1984) . Analysis of mtDNA sequences in sturgeon is particularly relevant to the study of vertebrate mtDNA evolution, given the significant divergence of sturgeon from tetrapods. Previously, we have cloned and sequenced the complete mtDNA D-loop region of two white sturgeon (Acipenser transmontanus; Buroker et al. 1990 ). The control region of this species was found to vary in size from 76 1 to 1,007 nucleotides, depending on the number of 82-bp sequences repeated in tandem after the 3' end of the tRNAPro gene ( fig. 1 ). Several single-base substitutions and deletions, more typical of nucleotide polymorphisms found in vertebrate mtDNA, were found in these sturgeon D-loops, upstream from the 82-bp repeat region.
Here we examine intraspecific nucleotide variation in the control region of white sturgeon from the Fraser River in British Columbia and from the Columbia River in Washington State. These separate river systems both empty into the Pacific Ocean, with the Fraser River estuary located -500 km north of the Columbia River mouth. In the last Pleistocene glaciation, the lower two-thirds of the Columbia River remained an ice-free refugium, whereas the Fraser River was completely covered by the Cordilleran Ice Sheet until lo-12 thousand years ago (Clague and Luternauer 1983, pp. 3-l 1; McPhail and Lindsay 1986) .
Restriction-enzyme analyses of mtDNA of 178 white sturgeon detected 10 distinct haplotypes, with little geographic subdivision between the Columbia and Fraser rivers ( Brown et al. 1992) . However, mtDNA genotypic frequencies were significantly different between the two populations.
Postglacial gene flow between the two populations tRNA Pro 328 Brown et al. is possible, since white sturgeon are anadromous, but there is little information regarding either migration patterns of sturgeon or their fidelity to natal rivers (Semakula and Larkin 1968; Haynes and Gray 198 1; Galbreath 1985) . The objectives of the present study were to compare intraspecific nucleotide variation in the A. transmontanus D-loop region with that of humans, to reexamine the phylogenetic relationships of white sturgeon populations in the Pacific Northwest, and, more generally, to evaluate empirically the utility of hypervariable D-loop sequences in population studies.
Material and Methods

Sample Collection
Collection of Acipenser transmontanus specimens from the Columbia and Fraser rivers (between 1987 and 1990) ) mtDNA extractions, and restriction-enzyme analyses have been described by Brown et al. ( 1992) . Individual sturgeon used for D-loop DNA sequence analysis were selected to represent all 10 mtDNA restriction-enzyme haplotypes and both river populations, with individuals from the most abundant haplotypes chosen at random. Additional control-region sequences were from (a) a 3-mlong, 82-year-old female white sturgeon found on the shore of the Fraser River, -90 km from the river mouth, in 1989 (D. Lane, Malaspina College, Nanaimo, British Columbia, unpublished age data) and (b) two previously published sturgeon D-loop sequences (Buroker et al. 1990 ). In total, control-region DNA sequences were analyzed from 11 Columbia River and 16 Fraser River sturgeon.
Polymerase Chain Reaction (PCR) Amplification
and DNA Sequencing PCR amplifications were performed on CsCl-purified mtDNA extracted from liver tissue ( Lansman et al. 198 1) . Thermal cycle amplification and sequencing primers were designed from the published sequence of the D-loop region of A. transmontanus (Buroker et al. 1990 ). Four primer sequences were synthesized: L185 ( 5' CATCT-ACCATTAAATGTTATAC 3')) L3 17 ( 5' CTGTAGGGATTCACAACTG 3')) L506 ( 5' TGACATGTAGAACTCCTTCAGA 3'), and H740 ( 5' GATCA-AGGTATGTCGATGACA 3 '). The primers are designated by the letters "L" and "H" (light strand and heavy strand, respectively) and by a number that is the position of the primer's 3' base in the reference 1.6-kb fragment. The primer combination L185 and H740 consistently amplified a 597-nucleotide-long fragment of the control region ( fig. 1) . The other two oligonucleotides were used as internal primers for sequencing reactions.
Thermal cycle amplifications were performed in a 50-~1 final volume with 5 ~1 of 10 X reaction buffer ( 500 mM KCl, 100 mM Tris-HCl pH 8.3, 15 mM MgC12, 0.1% gelatin), dNTPs at 200 mM, primers at 5-7 PM, mtDNA (5-50 ng), and 0.5 units of Thermus aquaticus DNA polymerase with 50 ~1 of mineral oil overlaid. The reaction cycles consisted of denaturation for 1.5 min at 95OC, primer annealing for 2 min at 50°C, and extension for 2-3 min at 72°C. Cycles were repeated 40 times, and the final cycle included an extefision reaction of 10 min. Negative controls (all the above reagents except for template DNA) were included in all amplification series, to screen for possible foreign-DNA contamination. Amplified DNA was electrophoresed in 1.5% low-melting-point agarose gels and then was phenol extracted (Sambrook et al. 1989 , pp. 6.30-6.3 1). Double-stranded DNA was sequenced directly by using the dideoxynucleotide chain-termination method (Sanger et al. 1977 ) and T7 polymerase (United States Biochemical). Sequencing reactions were resolved in 6% polyacrylamide-7 M urea gels that were vacuum-dried mtDNA Control Region Evolution 329 at 80°C and that were then autoradiographed on Kodak X-Omat AR film for 12-72 h. The complete nucleotide sequence of the L strand was determined for each individual. Approximately 50% of the H strand was also sequenced from the primer H704 and from two oligonucleotides that were complementary to the primers L3 17 and L506.
DNA Sequence Analysis
A 462-nucleotide portion of the control region was sequenced in all 27 individuals ( fig. 1 ). Initial analysis indicated that nearly every polymorphic site in the control region was located within this sequence. Single-nucleotide substitutions in the tandem repeats (located between the hypervariable region and the tRNAPro gene) were not observed in five individuals, although differences existed among their hypervariable sequences (J. R. Brown, unpublished data) . The 3' end of the control region had several consensus sequence blocks (CSB) common to most vertebrate mtDNA (reviewed in Clayton 1984; Dunon-Bluteau et al. 1985 ) . Nucleotide variation in the CSB region at the 3' end of the L strand was determined by sequencing the entire nonrepeated region of the D-loop (573 nucleotides in total) in nine individuals.
The control region of A. medirostris (green sturgeon) mtDNA served as a phyletic outgroup. DNA sequences were aligned by using the ESEE program (Cabot and Beckenbach 1989) . Gaps introduced into the alignment were noncontiguous and were treated as a fifth nucleotide in the phylogenetic analysis. Maximum-parsimony (MP) analysis was done using PAUP software ( Swofford 199 1) . The total number of minimal trees was determined by the branch-and-bound method. The minimal length tree found after 10 replicate random heuristic searches was taken as the initial upper bound for the branch-and-bound search. In addition, a 50%-majority-rule consensus tree was generated from 1,000 bootstrap-replicate heuristic searches.
A neighbor-joining (NJ) tree was constructed from a distance matrix of pairwise comparisons of the proportion of nucleotides different (p) between haplotypes ( Saitou and Nei 1987) . The p distances were similar to those calculated by using the JukesCantor method and permitted the inclusion of gaps as a fifth nucleotide. The program NJBOOT2 was used to perform 1,000 bootstrap replicates of the NJ tree (Tamura and Nei 1992) .
Indices of nucleotide diversity (n;) and haplotype diversity (h) for DNA sequence data were calculated according to the method of Nei and Li ( 1979) and the method of Nei and Tajima ( 198 1)) respectively. Inter-population distances were corrected ( dA ) for polymorphisms within each population (Nei 1987, pp. 276-277) .
FIG. 2 (on following two pages).-Alignment of 466 nucleotides from the D-loop regions of Acipenser
trunsmontanus mtDNA and A. medirostris mtDNA. Nineteen haplotypes (Crl-Cr19)
were found in 27 individuals. Dots below the top sequence indicate the same nucleotide in other haplotypes. Hyphens are proposed insertions or deletions. Recognition sites of some restriction enzymes used by Brown et al. ( 1992 ) are indicated. Letters after the haplotype indicate geographic occurrences, which were the Fraser River (F), the lower Columbia River (LC), and the upper Columbia River (UC). Numbers after the river correspond to restriction-enzyme haplotypes (At 1 -At 11). An "x" before the river abbreviation indicates that multiple individuals share a restriction-enzyme haplotype. The full annotation for Cr 13 is F2 2 X LC UC2, which indicates that D-loop-region haplotype Cr 13 was found in four individuals sharing restriction-enzyme haplotype At2; one individual was from F, two were from LC, and one was from UC. 
Results
Nucleotide Variation in the Control Region
Nineteen different control-region haplotypes ( Cr 1 -Cr 19 ) were found among 27 individuals.
The sequences in figure 2 are 466, rather than 462, nucleotides in length because of four gaps introduced into all Acipenser transmontanus sequences in order to align them with the A. medirostris D-loop region. Most haplotypes were unique to particular individuals.
The exceptions were haplotypes Cr9 and Cr 13, found in three and four individuals, respectively, and three other haplotypes (Cr2, Cr3, and Cr6), each found in two individuals.
In the 462-nucleotide sequence there were 33 polymorphic sites among 27 individuals. Changes were mostly single-nucleotide substitutions or deletions. Transitional changes occurred at 27 of the 33 polymorphic sites (table 1) . Relative frequencies of nucleotide change showed little difference for one transitional pathway vis-a-vis another (table 2) In the 111 -nucleotide sequence adjacent to tRNA Phe, only one polymorphism (in four of nine individuals) was observed, while the CSBs were unvaried ( fig. 3) . Most of the varied sites occurred at the tRNAPro end of the control region ( fig. 4) , near the terminal 3' nucleotide of the last 82-base repeat sequence (Buroker et al. 1990 ).
Relationships to Restriction-Enzyme Haplotypes
Nineteen D-loop haplotypes were found in 27 individuals, compared with only 10 haplotypes detected in 178 individuals when restriction-enzyme analysis was used (Brown et al. 1992) . Several restriction-enzyme haplotypes were revealed to be polytypic by the sequence data. However, nine individuals shared restriction-enzyme as well as control-region haplotypes. As an example, haplotype Cr 13 was found in four individuals, from both populations, sharing the same restriction-enzyme haplotype (i.e., At2). Cr9 was also found in three Fraser River fish with the same restrictionenzyme haplotype (i.e., At4). Cr5 was the only instance where individuals with different mtDNA Control Region Evolution 333 restriction-enzyme haplotypes (i.e., At2 and At7) had identical control-region sequences. However, these restriction-enzyme haplotypes had been shown, in an earlier study, to be closely related (0.18 f 0.17% sequence divergence; Brown et al. 1992) . Two of the seven polymorphic restriction sites identified by Brown et al. ( 1992) were found in the control region (HincII at position 26 1 and AvaI at position 345 ), and, in both instances, polymorphisms resulted from single-nucleotide substitutions in the respective recognition sequences.
Sequence-based Phylogeny
Ten random heuristic searches detected four different MP trees, each with a minimal length of 112 steps. A further branch-and-bound search revealed 30 different trees. However, a strict consensus tree of these 30 trees, as well as a 50%-majorityrule consensus MP tree ( fig. 5 ) and an NJ-distance tree ( fig. 6) ) both based on 1,000 bootstrap replicates, clustered D-loop haplotypes into four similar main clades. Particular restriction-enzyme haplotypes were always exclusive to one of the four clusters. Cluster A consisted of six control-region haplotypes predominantly found in Fraser River sturgeon. All individuals with restriction-enzyme haplotypes At1 and At3 were present in this cluster, as well as in an 82-year-old individual (FO) found in the Fraser River (mtDNA from this individual was too degraded for restriction-enzyme analysis). The control region of this old individual was identical to that of an upperColumbia River sturgeon (UC3) with restriction-enzyme haplotype At3. The remaining clusters were a mixture of Fraser River fish and Columbia River fish. Cluster B was the largest cluster, with eight control-region haplotypes occurring in 15 individuals from throughout the Fraser and Columbia rivers. Restriction-enzyme haplotypes included in this cluster were At2, At4, At7, and At8. Previously, it was determined that 6 1% of 178 individuals shared restriction-enzyme haplotype At2 (Brown et al. 1992) .
In cluster C, the haplotypes Cr 16, Cr 11, and Cr 15 were found in three individuals with unique restriction-enzyme haplotypes-At 11, At9, and At 10, respectively. These three haplotypes clustered similarly in the restriction-enzyme phylogeny, because all shared two novel BcZI sites (located outside the D-loop). Finally, cluster D consisted of two individuals, from the Fraser and Columbia rivers, that had slightly divergent D-loop sequences but shared the same restriction-enzyme haplotype (i.e., At6). fig. 2 . CSBs (CSB I-CSB3 ) found in vertebrate control regions are marked. This portion of the D-loop region was identical in four of the nine sequenced control-region haplotypes (i.e., Crl, Cr4, Crl 1, and Cr12). The remaining five haplotypes (i.e., Cr2, Cr9, CrlO, Cr17, and Cr19) all had a single C-to-T transition at the position marked with an asterisk.
Genetic Diversity
Mean nucleotide divergence within the Columbia River population and the Fraser River population was 0.75% and 1.13%, respectively. Higher genetic diversity in the Fraser River was also observed in restriction-enzyme mtDNA surveys (table 4) . Mean nucleotide divergence between populations was estimated to be 1.2%, but, when corrected for intrapopulation polymorphisms, net divergence was estimated to be only 0.26% (Nei 1987, p. 276) .
Discussion
Nucleotide Variation
The high transition-to-transversion ratio (27: 1) observed in the Acipenser transmontanus control region is typical of vertebrate mtDNA. The human control region has a 32-fold bias favoring transitions over transversions (Aquadro and Greenberg 1983) . A similar transitional bias has been observed in mtDNA protein-coding genes in other species Thomas and Beckenbach 1989) . The lack of bias in transitional pathways (table 2) is the same for the white sturgeon and human Dloop regions ( Aquadro and Greenberg 1983 ) .
Most polymorphic sites are located at the tRNAPro end of the sturgeon control region, near one or more conserved 82-bp repeated sequences (fig. 4) . The opposite ( tRNAPro) end of the D-loop region includes four CSBs whose sequence and position are nearly completely identical to those of higher vertebrates (Buroker et al. 1990 ). Nucleotide polymorphisms appear to be similarly distributed in the human mtDNA control region (Horai and Hayasaka 1990) . This suggests that, whereas nucleotide variation in the vertebrate control region is extensive, there is conservation of general structural organization (Clayton 1982; Saccone et al. 1987 ).
Rate of Nucleotide Change
Previously, concurrent intraspecific comparisons of variation in both the control region and the entire mtDNA molecule were only available for humans. Estimates of the rate of sequence divergence in the human control region range from 8.4% (Vigilant et al. 1989 ) to 11 S-17.5% /Myr (Vigilant et al. 199 1) . The estimated mutation rate for the entire mtDNA molecule is 2%-4% /Myr, on the basis of restriction-enzyme analysis (Cann et al. 1987) . When calculated from the means of these two rates, the rate of sequence divergence for the human mitochondrial control region is about fourfold to fivefold greater than the basal mutation rate of mtDNA. Aquadro and Greenberg ( 1983 ) and Horai and Hayasaka ( 1990) have reached a similar conclusion.
In A. transmontanus, mean pairwise percent sequence divergence of the control region (on the basis of 462 nucleotides) and of entire mtDNA are 2.27% and 0.54%, respectively ( Brown et al. 1992) . Therefore, the rate of nucleotide change in the control region of white-sturgeon mtDNA is approximately 4.3 times higher than the entiremtDNA rate, which is similar to the relative rate of the human D-loop region. Restriction sites were widely distributed throughout white-sturgeon mtDNA, so it is unlikely that divergence estimates would be biased because of nonrandom clumping of restriction sites ( fig. 1 in Brown et al. 1992) . Divergence estimates for the control region should also be unbiased, since nearly the entire hypervariable region was sequenced.
According to the coalescence-of-genes theory, the net divergence between two lineages ( dA) is equal to 2hT, where 3L and T are the number of substitutions per nucleotide site per year and the years since divergence, respectively (Nei 1987, pp. 276-278) . The temporal and spatial fluctuations of the Cordilleran Ice Sheet have been well documented, and it is reasonable to assume that recent fish colonizations of the Fraser River by migrants from southern populations could not have occurred before lo-12 thousand years ago (McPhail and Lindsay 1986) . dA of D-loop sequences in the Fraser and Columbia rivers was estimated to be 2.62 X 1 O-3/nucleotide position. Therefore an estimate of X would be 1.09-1.3 1 X 10 -7 substitutions/ nucleotide site/ year. This value is comparable to the estimated mutation rate of the human D-loop region, which is 0.84-1.75 X 10 -7 substitutions/ nucleotide site/year (Vigilant et al. 1989 (Vigilant et al. , 1991 vergence is relatively recent, the variance of dA is expected to be large (Nei 1987, pp. 280-282) . Third, estimates of within-population genetic diversity that are based on restriction-enzyme and D-loop sequence data are consistently higher for the recently colonized Fraser River than for the Columbia River refugium. This suggests recent bottleneck effects on the Columbia River population, which could affect estimates of intrapopulation divergence-and hence also affect dA (for further discussion, see Brown et al. 1992) . Fourth, contemporary gene flow between A. transmontanus populations has not been well characterized. Migration behavior of white sturgeon is enigmatic, and conventional tagging and allozyme studies have not added greatly to our understanding of the population structure of this species (Semakula and Larkin 1968; Bartley et al. 1985; Galbreath 1985) . Individual longevity, high fecundity, and marine migratory behavior might facilitate a high level of gene flow between white-sturgeon populations. Four individuals captured in the Fraser and Columbia rivers had complete sequence identity over 780 nucleotide positions, or 5% of the mtDNA genome, since they shared both control region (i.e., Cr13) and restriction-enzyme (i.e., At2) haplotypes. In addition, the largest grouping of haplotypes in the phylogenetic analysis (cluster B) included individuals from both the Fraser River and the Columbia River.
A broad geographic distribution of both common and rare mtDNA haplotypes has been observed in species with high levels of gene flow, such as American eels (Anguilla rostrata; Avise et al. 1986 ) and red-winged blackbirds (Agelaius phoeniceus; Ball et al. 1988 ). Relatively few female migrants per generation would limit geographic differentiation between sturgeon populations ( Slatkin 1987 ) . However, genealogical mixing of geographically dispersed lineages might also occur if the time of divergence is too recent to allow sorting of.polymorphisms present in the founder populations (Nei 1987, p. 277) . Some population subdivision was evident in clade A, which consisted almost entirely of Fraser River D-loop haplotypes.
Provisional on the above caveats, the fact that absolute and relative mtDNA nucleotide substitution rates of a relict poikilotherm are nearly identical to those of a homeotherm suggests that mutation rates of mtDNA genes may vary little among vertebrate species. This finding is contrary to some suggestions of reduced nucleotide substitution rates in mtDNA of lower vertebrates, compared with that in mammals mtDNA Control Region Evolution 339 Thomas and Beckenbach 1989; Avise et al. 1992; Martin et al. 1992 ). Lower metabolic rates and longer generation times have been proposed as causal factors in the slowdown of mtDNA evolutionary rates among turtle species (Avise et al. 1992) . The correlation of lower mtDNA mutation rate to longer generation time is weak, since humans also have a late age at first reproduction. Sturgeon are similar to turtles and sharks with respect to metabolic rate and age at first reproduction (20-30 years), yet their D-loop nucleotide-substitution rate approximates that of humans. It may be that evolutionary rates of the D-loop region are more consistent across vertebrate groups than are the rates of other mitochondrial genes, although the similarity between the ratios of D-loop to whole mtDNA nucleotide substitutions among humans and white sturgeon suggests otherwise. Clearly, a better understanding of mtDNA evolutionary rates is required through further comparisons of intra-and interspecific sequence variation between mtDNA genes. In this study, we have also shown that the level of genetic variation occurring in white-sturgeon hypervariable D-loop sequences is suitably extensive for intraspecific phylogenetic analysis. This finding should encourage the wider application of mtDNA D-loop comparisons in the field of molecular population genetics.
Sequence Availability
GenBank accession numbers of sturgeon D-loop sequences are LO 1509-LO 1527 and L01529.
